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The outbreak of the COVID-19 pandemic not only created a health crisis across the world but 
is expected to negatively impact the global economy and societies at a scale that maybe larger 
than the 2008 financial crisis. Simultaneously, it has inevitably exerted many negative 
consequences on the geoenvironment upon which human beings depend. The current article 
articulates the role of environmental geotechnics to elucidate and mitigate the effects of the 
current pandemic. It is the belief of all authors that the COVID-19 pandemic presents 
significant challenges, but also opportunities for the development of our field. Our discipline 
should make full use of our professional skills and expertise to look for development 
opportunities from this crisis, to highlight our discipline’s irreplaceable position in the global 
fight against pandemics, and to contribute to the health and prosperity of our communities, so 
as to better serve humankind. In order to reach this goal, while taking into account the 
specificity of the SARS-CoV-2 and the uncertainty of its environmental effects, it is believed 
that more emphasis should be placed on the following research directions: pathogen-soil 
interactions, isolation and remediation technologies for pathogen-contaminated sites, new 
materials for pathogen-contaminated soil, recycling and safe disposal of medical wastes, 
quantification of uncertainty in geoenvironmental and epidemiological problems, emerging 
technologies and adaptation strategies in civil, geotechnical, and geoenvironmental 
infrastructure, pandemic-induced environmental risk management, and model pathogen 
transport and fate in geoenvironment, among others. Moreover, COVID-19 has made it clear to 
the environmental geotechnics community the importance of urgent international cooperation 





and of multidisciplinary research actions that must extend to a broad range of scientific fields, 
including medical and public health disciplines, in order to meet the complexities posed by the 
COVID-19 pandemic. 







An extremely infectious new coronavirus, known as severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has led to the spread of coronavirus disease 2019 (COVID-19) 
across the world, infecting more than 2.5 million people, as confirmed by WHO on April 24, 
2020. Many countries have been forced to close borders and routes, with many cities 
implementing quarantine measures, and workplaces, schools, and universities shut down. 
Lockdowns are managed to stop people from traveling and participating in social activities. 
The daily lives of billions of people have been disrupted with half the world under stay-home 
orders (NY Times, Friday, April 3, 2020) and the global economy expected to suffer historic 
losses. 
On the other hand, this pandemic has also brought a first-time realization that our 
common fate can only be secured by coordinated global action, which has quickly been 
followed by acts of allegiance among countries (WHO, 2020). Scientific collaboration and 
knowledge transmission have proceeded during these weeks with unmatched speed, where 
health officials in a European country, like Greece, may be quoting the preliminary results 
announced a few hours earlier by the Chinese Academy of Science (iefimerida, Friday, April 3, 
2020, “New experimental medicine offers hope,” in Greek), or comparing in real-time their 
public health measures to those of other countries. Rapid transmission of scientific information 
across borders has been a key factor during the fight against the pandemic and will be essential 
to assess the lessons learned from this traumatic experience when it is over. 
The objective of the current article is to appraise, albeit in a preliminary fashion, what the 
broader scientific community has learned from the experience of the COVID-19 pandemic. 
Given that global-scale threats exist not only in the health domain but also in the environmental 
domain, with the global climate change looming prominent in the horizon, this article presents 





lessons learned about the urgency of developing new knowledge, of taking actions, and of 
modifying policy protocols in order to cope with fast-evolving, global situations. 
Environmental geotechnics provides a unique blend of principles of geotechnical 
engineering, geomechanics, and environmental sciences. It has long been dedicated to using 
multi-disciplinary perspectives, techniques, and methods to solve environmental-related 
geotechnical engineering problems. Our mission is to protect the geological environment on 
which human society and ecosystems rely on for their existence, to safeguard human health 
from pollution events and disasters, and to take measures and actions in order to provide clean 
air, pure water, uncontaminated soil, and renewable and sustainable energy so that current and 
future generations can lead healthy and beautiful lives. However, with the outbreak of this 
pandemic, the raging virus is challenging the mission and efforts of environmental geotechnics. 
Therefore, in the middle of this challenge, we’ve turned to ourselves and asked “How can our 
discipline better serve our society, fulfill our duties, and make the world a better place for 
present and future generations? What can we do now? What’s there in the future for 
environmental geotechnics?” 
In response to the COVID-19 outbreak, the authors of this article believe that 
environmental geotechnics should strengthen research in the following areas: pathogen-soil 
interactions, pathogen migration, diffusion mechanisms in soil pores, and effects on soil 
engineering properties; in-situ isolation and remediation technologies for 
pathogen-contaminated sites; new materials development for rapid disinfection of pathogen 
contaminated soil; recycling and safe disposal of medical solid wastes. Effort should be 
devoted into international cooperation and interdisciplinary research, such as cross-disciplinary 
research in environmental geotechnics, public health, microbiology, medicine, and other 
related disciplines. Especially in the area of cross-disciplinary research, the characteristic of 





environmental and geotechnical problems to exhibit large temporal and spatial uncertainties 
has led to the development of new and the refinement of existing techniques to quantify 
uncertainty. Bayesian probabilistic models are especially suitable for geoenvironmental 
analyses with their capability to make use of soft information and to subsequently incorporate 
and update new knowledge as it becomes available. These models appear also to be the 
preferred ones for COVID-19 epidemiological studies (Flaxman et al., 2020). In addition, 
emerging technologies, and adaptation strategies in infrastructure management, 
pandemic-induced environment risk management, and modeling of pathogen transport in the 
geoenvironment are important research topics. Concentrated, coordinated and cooperative 
research efforts on these areas will provide new perspectives that will contribute to the welfare 
of our society, counter the multi-faceted effects of COVID-19, plan ahead and prepare for 
similar events in the future. 
 
Impact of environmental geotechnics to endure challenges 
Pathogen-soil interactions 
The deadly and highly infectious SARS-CoV-2 is among many other pathogens (i.e., bacterium, 
protozoan, prion, viroid, or fungus) that have become a major public health concern worldwide. 
While how pathogens are transmitted through human beings and animals, and how they are 
associated with different diseases are being continuously and extensively investigated by 
microbiologists, epidemiologists and public health experts, it still remains largely unknown 
how pathogens interact with the geoenvironment from an engineering perspective. Soils are 
very complex ecosystems composed of various physical, chemical, and biological components. 
Like many aerobic and anaerobic microorganisms that can live within the vadose zone or in 
deeper saturated layers, various pathogens may be able to live, reside, adapt or even evolve 
within the soil environment. Hence, they can become part of a cycle that can bring them and 





their resulting pandemics back to the surface. On the opposite end of the health spectrum, soils 
host many ingredients that have helped humans combat various diseases, e.g., antibiotics and 
medications. Interactions and potential effects of pathogens on the physical processes and 
engineering properties of soils must be well understood. Therefore, there is a pressing need to 
address issues including pathogen detection and their implications in the geoenvironment. 
(1) Detection of pathogens in soils and sediments: Detection of pathogens in different 
environments is the first step to assess their risks. In microbiology, there are already a handful 
of techniques that can identify or quantify pathogens in soils and sediments including 
culture-based and molecular-based detection methods. While these techniques are basic skills 
to microbiologists, they are still unfamiliar to most geoenvironmental researchers and 
engineers. Culture-based methods are usually used to obtain isolates of pathogens, but they are 
labor-intensive and not able to detect non-cultivable cells. Unlike culture-based methods, 
molecular-based methods detect specific DNA segments of the pathogens’ genome, which 
provides high specificity and accuracy. Polymerase chain reaction (PCR) and sequencing-based 
approaches are two major groups of molecular-based methods. While these techniques are 
continuously being improved, there are still many challenges when dealing with soil and 
sediment samples. The reliable analysis of pathogens in soils and sediments requires accuracy, 
specificity, sensitivity, reproducibility, and cost-effectiveness. However, high microbial 
diversity and low concentration of target pathogens in the geoenvironment pose great 
challenges for selecting appropriate detection and delineation methods. Therefore, a thorough 
understanding of the features of mainstream detection methods is critically important. 
(2) Antibiotic resistance of pathogens and its implication for the geo-environment: A 
vaccine is thought to be the most effective way to defeat the pathogenic coronavirus for the 
COVID-19 pandemic. However, for the treatment and prevention of pathogenic infection, 





especially pathogenic bacterial infection, antibiotics are frequently used. To date, the excessive 
use of antibiotics in many countries has led to the accumulation of antibiotic resistance genes 
(ARGs) in infectious bacteria, which has become a severe public health issue. ARGs from 
natural sources are rare except in ancient pristine permafrost sediments. However, 
anthropogenic sources of ARGs from hospitals, wastewater plants, and farms have resulted in a 
significant increase in antibiotic resistance of pathogenic bacteria in soils, because bacteria are 
exposed to a sub-inhibitory concentration of antibiotics. Therefore, it is imperative for the 
geoenvironmental community to take action to understand the existence of antibiotic-resistant 
infectious bacteria in soils. 
(3) Modification of soil engineering properties by pathogens: Many microbes in nature 
have been found to be capable of altering soil physicochemical properties. For example, 
ureolytic bacteria, such as S. Pasteurii, are able to hydrolyze urea and produce calcite 
precipitation in the soil pores to improve the strength of sandy soils (Jiang et al. 2019, 2020). 
Nevertheless, there has been very limited research on how pathogens could potentially alter the 
engineering performance of soils. Pathogenic bacteria and fungi are likely to change soil 
physicochemical properties through their own metabolic activities (forming extracellular 
polymeric substance (EPS), generating gas, changing the redox environment, altering ambient 
acidity-alkalinity condition, etc.). These will, in turn, affect the mechanical, hydraulic and/or 
physicochemical behavior of soils. On the other hand, pathogenic viruses are not likely to 
affect soil properties directly, as their size is too small (1/100 of most bacteria), and they die 
quickly if they are not in an infected cell. However, they are likely to affect soil properties 
through their infected host cells, which could be animals, plants, bacteria, archaea, etc., by 
changing their physiological behavior. This is a new frontline area that deserves exploration by 
the geoenvironmental community. 





(4) Soil erosion and dust control: As pathogenic microbes can stick to surfaces and 
transmitted in the air through suspended dust particles, soil erosion needs to be reduced and 
dust control should be advanced so that the transport of pathogens in the air is hindered. In that 
respect, some yet unpublished studies have suggested a potential correlation between air 
pollution from PM2.5 and COVID-19 health risks (Harvard T.H. Chan School of Public Health 
2020). Hence, more publicity is required to increase awareness of the detrimental 
consequences of soil erosion and related dust problems, in addition to no littering, and more 
research needs to be conducted in order to develop easily applied methods for erosion 
reduction and dust control. Recently some microbial geotechnical techniques have been 
developed for erosion and dust control (Chu et al. 2012; Dejong et al. 2013; Stabnikov et al. 
2013; Tang et al., 2020). However, the use of bacteria for experimental purposes in actual 
in-situ conditions can be sensitive. Alternatively, enzymes can be used instead, and enzyme or 
polymer-based methods have also been developed in recent years (Khatami and O'Kelly, 2013; 
Cheng et al. 2019; He et al. 2020). 
(5) Learning from municipal solid waste (MSW) studies: MSW and soil share many 
common characteristics. For instance, they are both multi-phase geomaterials with solid 
skeletons and have intermixed liquid and gas phases. Microorganisms are almost omnipresent 
in soils (Mitchell and Santamarina 2005), whereas MSW is laden with microorganisms as well 
(Barlaz et al. 1989, Weaver et al. 2019). Scientists and engineers have studied 
MSW-microorganism interactions for decades and have taken advantage of certain biochemical 
processes in engineering practices (Reinhart and Townsend 1998). Therefore, learning from 
peer MSW industry is beneficial and convenient for soil-pathogen interactions. It is beneficial 
as many properties and processes of interest are similar between soil- and 





MSW-microorganism interactions. In the context of pathogens, we would like to highlight 
some (non-exhaustive) relevant studies that stem from MSW research as follows: 
- Characterization methods for microbial communities in MSW and leachate (Bareither et 
al. 2013, Fei et al. 2015, Staley et al. 2011). 
- Modeling long-term biochemical and other associated processes in MSW landfills 
(Gawande et al. 2010, McDougall 2007). 
- Existence and transport of ARGs in landfilled MSW (Song et al. 2016, Wu et al. 2017), 
leachate (Yu et al. 2016), and the surrounding environment (Chen et al. 2017). 
- Airborne microorganisms in and adjacent to landfills (Heo et al. 2010, Kalwasińska and 
Burkowska 2013). 
- Interactions between microorganisms and the geosynthetics that are used as a 
containment system (Gallagher 1998, Palmeira et al. 2008). 
- Existence, transport and fate of pathogenic prion protein (Jacobson et al. 2009) and 
avian influenza virus (Graiver et al. 2009) in landfill system. 
- Identification of sources of pathogens in landfills (Gerba et al. 2011). 
 
Containment and remediation technologies for pathogen-contaminated sites 
Containment 
The procedure prior to soil remediation generally includes site environmental investigation, 
risk assessment, and design of the remediation strategy. Understanding pathogen transport in 
soils is essential for taking countermeasures to contain pathogen-laden wastewater and to 
remediate pathogen-contaminated soil and/or groundwater. The transport of pathogens in soils 
has been extensively addressed in the realm of soil science. Studies have shown that the degree 
of saturation of soil, void ratio, exchangeable cations, pH and hydraulic conductivity of soil, 
ionic strength of soil pore fluid, amount of organic surface functional groups of soil particles, 





and temperature are important factors influencing the retention of pathogens in soils (Bitton 
and Harvey, 1992; Potts et al., 2004). Transport of pathogens in soils can be modeled using a 
modified advection-dispersion theory with consideration of the die-off rate of pathogens, 
whereas mass transfer of pathogens between solid and aqueous phases in soils can be modeled 
by a first-order attachment/detachment equation (Morales et al., 2014; Zhang et al., 2013). 
Organic matter in soils has been found to favor the adsorption of bacteria onto soils. In contrast, 
the presence of soil organic matter decreases the adsorption of viruses. The presence of clays, 
hematite, and magnetite increases virus retention (Bitton and Harvey, 1992). 
Survival of pathogenic viruses in soils is closely related to the hydraulic properties and 
purification capacity of the soil for microorganisms, which mainly refers to the adsorption and 
lethal ability of a specific soil to pathogenic microorganisms, with this process denoted as 
“natural purification” (Zhao, 2006; Xiao and Zhao, 2006). This effect depends on various 
factors, such as soil hydraulic conductivity, virus type, pH, ionic strength and multivalent 
cations, organic matter, temperature, soil water content, microparticles, microbial activity, 
among others (Katan, 2017; Malham et al., 2014). Reducing the migration ability of viruses, 
enhancing the adsorption and fixation of a virus, and accelerating the rate of virus inactivation 
are main treatment purposes for soils with a relatively weak purification ability, so as to 
prevent the virus from breaking through the soil purification barrier and further contaminate 
the groundwater. 
SARS-CoV-2 entering the soil may come into contact with human beings and become a 
source of recurrent infection, before becoming inactive. The diagram in Fig.1 shows the trace 
of pathogens in water systems, while ruptures in landfill and sewage pipes can introduce 
pathogens into soils (Wigginton et al., 2015). Therefore, it is essential to strengthening the 
surveillance of each link and the preparation of emergency measures. 





In particular, hospitals and healthcare facilities use buried pipelines, for draining 
pathogen-laden wastewater, and containers, for temporally storing pathogen-laden wastewater. 
Potential leakage of such buried pipes and containers may result in contamination of soils and 
groundwater. Installation of barriers including HDPE geomembranes (GMs), geosynthetic clay 
liners (GCLs), compacted clay liners (CCLs), and composite liners underlying the pipelines 
and containers are expected to control the flow of leaked wastewater in soils, and reduce the 
environmental impact on groundwater quality. Geomembrane/GCL composite liner is much 
more effective than a geomembrane/CCL composite liner in mitigating leakage through defects 
in geomembranes (Rowe et al., 2004). Vertical barriers, such as soil-bentonite slurry trench 
walls, overlapped deep mixed columns, or geomembrane/GCL composite walls may be needed 
to contain plume of pathogen impacted groundwater or to isolate the concentrated 
pathogen-laden waste water that leaks into soils (Rowe et al., 2004; Wu et al., 2020). Clearly, the 
economic feasibility of providing double containment systems for all underground sewage 
systems, which all contain pathogens (not only from hospitals), must be assessed. Nevertheless, 
as of today, very limited studies have systematically investigated the following issues: 
(1) Can the hydraulic conductivity of underground barrier systems be altered by the 
permeation with pathogen-laden wastewater? 
(2) What will be the durability and service life of geomembranes that are exposed to 
pathogen-laden or sanitizer-laden wastewater? 
(3) How can transport parameters, die-off rates, and mass transfer between solid and 
aqueous phases of the pathogenic bacterium through GM, GCLs, and CCLs be 
determined? 
(4) What can environmental geotechnical professionals do to develop novel leakage 
detection methods without excavation of pathogen impacted in-situ ground soils? 





Particular caution is needed in dealing with potential leakages of wastewater containing 
soap, as soap is found to be able to reduce soil surface tension and may enhance transport of 
wastewater through GCLs, CCLs, vertical barriers or natural soils in the vadose zone (Rowe et 
al., 2004). Modified GCLs or new additives to CCLs are needed if the hydraulic conductivity 
of conventional GCLs or CCLs to pathogen-laden wastewater is found to exceed commonly 
accepted limits (Yang et al., 2018), and die-off rate of the pathogen in GCLs or CCLs is of 
concern. To obtain transport parameters and die-off rates of pathogens, especially of 
pathogenic viruses from lab-scale tests, environmental geotechnical professionals may need 
help from medical and public health professionals on conducting experiments in special 
laboratories with acceptable human health exposure risks. Advice from legal professional, may 
also be needed, to ensure the legitimacy of certain laboratory experiments. 
 
Remediation 
(1) Microbial approach: The wide application of microbial technology in environmental and 
geotechnical engineering may contribute to the development of emergency measures of 
virus-contaminated sites. It has been reported that microbial activities have a certain effect on 
the survival of viruses in soils, and the die-off rate of the virus in sterilizing media is obviously 
lower than that in non-sterilizing media (Artur and Nigel, 2004). Quanrud et al. (2003) 
elucidated that the possible mechanisms for microbe-mediated virus attenuation were the 
excretion of soluble microbial products, which can degrade virions and utilize viruses as a 
growth substrate. It has also been suggested that microbial life activities and enzymes promote 
virus inactivation through chemical and physical environmental changes, induced by microbial 
metabolism (Decrey and Kohn, 2017). The role of microorganisms mentioned above must be 
closely related to the characteristics of the SARS-CoV-2, and the selection or injection of 
microorganisms to contaminated soils requires a joint effort from virology researchers. 





By introducing or activating the metallogenic microorganisms and providing 
corresponding reactants in the soil, nano-grade biological minerals can be produced to occupy 
part of the pores in soils and strongly adsorb the virus. This approach can reduce the solute 
migration distance of the virus in the soil and reduce the pollution range, especially, when the 
mineralized products are metal oxides, such as iron oxides, which have proved to have a strong 
sorption and inactivation effect on the virus (Chu et al., 2001). Moreover, biomineralization has 
a short reaction time and high metallogenic efficiency. Thus, it can also be applied to provide 
adsorption sites of the bio-flocculants for the virus in water-contaminated areas. 
Some researchers have shown that ammonia could effectively kill single-stranded RNA 
(SS-RNA) virus (Decrey et al., 2015). Due to their ability to hydrolyze urea efficiently and thus 
produce ammonia, urease microorganisms are expected to be used in the disinfection of 
contaminated soils and groundwater. Moreover, the byproduct, ammonia, can be further 
converted into environmentally friendly substances, such as guano stone and nitrogen, to avoid 
secondary pollution of the environment. 
(2) Stabilization/Solidification: Solidification/Stabilization (S/S), as an environmental 
geotechnical technology, has been widely used to remediate contaminated soils through 
chemical fixation and physical encapsulation/adsorption. Considering the characteristics of the 
SARS-CoV-2, S/S can also be applied in SARS-CoV-2 contaminated soils. Appropriate 
reagents should be selected to quickly inactivate and stabilize the virus, followed by rapid 
solidification and encapsulation, which can cut off the transmission routes and achieve a good 
remediation effect. Based on the current prevention and control measures in China, the 
disinfection and stabilization reagents for inactivation of the SARS-CoV-2 mainly include 
1000 mg/L chlorine-containing disinfectant or 75% alcohol, acid peroxide, and hydrogen 
peroxide. Breidablik et al (2020) recommended that ozonized water could be used as an 





alternative. Using the aforementioned reagents to treat pathogenic virus-contaminated soils is 
referred to as soil stabilization. Nonetheless, the presence of these reagents may impact the 
survival conditions of autochthonous bacteria in soils. In addition, overdosage of 
chlorine-containing disinfectants in soils may cause adverse impacts if the remediated soils are 
reused as construction materials. In view of solidifying pathogenic virus-contaminated soils, 
magnesium phosphate cement (MPC), geopolymer and other types of novel binders with high 
early strength, low permeability and diffusivity, and high resistance to climate change can be 
considered (Qiao et al.,2010; Jiang et al., 2018; Wu et al., 2018; Haque and Chen, 2019; Xia et 
al., 2019a, b; Du et al., 2020; Zhang et al.,2020). Special efforts can be made by introducing 
additives capable of enhancing the die-off rate of pathogenic viruses in soils. Although we have 
a large number of S/S remediation experiences, the synergistic mechanism on the disinfection 
of the SARS-CoV-2 is still unclear. Furthermore, for lab-scale tests in order to screen 
appropriate reagents and optimize dosages, as well as for field demonstration tests to validate 
the feasibility of the S/S technique, environmental geotechnics professionals need to combine 
efforts with researchers from virology, public health, medical epidemiology, and even 
jurisprudence of medicine. Quality control/quality assurance and environmental and human 
health risk control measures in the construction and reuse of treated soil are also challenging 
tasks to be met by our discipline. 
(3) Groundwater remediation: The improper use of medical waste devices and the 
leakage of medical wastewater can cause wastewater containing pathogens to pollute 
groundwater through soil infiltration (Xu et al., 2020). Casanova and Weaver (2015) suggested 
that the envelope virus could survive in sewage for 6-7 days. Hence, it is indispensable to treat 
groundwater suspected to contain pathogenic microorganisms. If necessary, the groundwater 
contaminated with SARS-CoV-2 in centralized isolation areas or hospitals can be pumped out 





for treatment to eliminate viruses. Hydrogeologists should assist in determining the optimal 
remediation conditions of contaminated sites. 
For pumped groundwater, adsorbents with positive charge should be considered for the 
removal of the virus (Zhan et al., 2014). Shen et al. (2010) utilized bacteriophage phiX174 as 
the virus indicator, demonstrating that nanoparticles alpha-Fe2O3 achieved a nearly 100% 
adsorption rate for low-concentration viruses (1E+03 PFU.mL-1). Mazurkow et al (2020) 
prepared spray-dried alumina granules, modified with copper (oxide) nanoparticles, to assess 
the effect of copper oxidation state on virus removal capacity. These authors showed that 
copper (I) oxide and metallic copper were the active phases in virus removal and 99.9% of 
MS2 bacteriophages could be removed. Although current adsorbents are excellent in adsorbing 
pathogenic microorganisms, the preparation process is often cumbersome and costly, and clay 
or mineral waste-based adsorbents should be considered as alternatives. 
Photocatalysis has also been widely used for in-situ treatment of groundwater containing 
pathogenic contamination. Materials containing TiO2 can decompose oxygen into hydroxyl 
groups (•OH) and superoxide anions (O2-) under ultraviolet (UV) irradiation, which may 
destroy the structure of viruses and play a disinfecting role. Cui et al (2010) showed that the 
anatase nano -TiO2 sol was effective to eliminate the H9N2 avian influenza virus (aiv) under 
UV irradiation of wavelength of 365 nm. The ectopic treatment of pathogen-contaminated 
wastewater by photocatalysis can be achieved by groundwater extraction through a 
light-transmissive reaction column equipped with catalytic materials. 
In addition to the above methods, the use of reverse osmosis membrane (RO), with a pore 
size of 0.5nm-10nm, as filter material can also remove bacteria and viruses in contaminated 
groundwater. The synergy of environmental geotechnical and membrane treatment expertise 
may improve this treatment technology. In addition, to avoid secondary pollution and protect 





public health, the treatment of material derived from wastewater treatment processes also needs 
to be considered. 
The above ideas are only at the incubation stage. The role of environmental geotechnics 
should be enhanced by the efforts in contaminated soil remediation, and actively carry out 
research on technologies to remediate SARS-CoV-2 contaminated soils. More importantly, it is 
necessary to investigate the problems arising from the remediation of contaminated soils by 
this virus. Safeguard procedures should be followed during remediation to avoid infection. 
Targeted remediation activities and field experiments must be carried out jointly by 
geoenvironmental engineering, virology, and material science researchers to establish 
well-defined protocols that address both health and legal issues. 
 
Development of new materials for remediation of pathogen-contaminated soil 
The SARS-CoV-2 can enter the soil and groundwater by a range of pathways: the disposal and 
discharge of solid and fluid medical wastes, the discharge of patient and suspects feces, which 
were found to contain  SARS-CoV-2 (Xu et al., 2020), and the sputum from suspects and 
those infected people who have not been detected. The SARS-CoV-2 was reported to live from 
4 to 72 hours on environmental surfaces, depending on the nature of the surface material (van 
Doremalen et al., 2020). But a recent report from the US Centers for Disease Control and 
Prevention (CDC) suggested that the virus can survive for 17 days in the environment 
(Moriarty, 2020). Therefore, the transport and spread of the virus via soil and groundwater can 
be a serious issue. Researchers and practitioners of environmental geotechnics should make 
efforts to reduce the pathways of the virus in the soil and groundwater in order to limit the 
exposure of potential receptors. Especially in “hot-spot” areas, where patients and suspected 
cases may be concentrated, the groundwater, if needed, could be pumped and treated to 
eliminate the virus. Technologies such as adsorption, photocatalytic degradation, and 





microfiltration can be used to remove the virus from the pumped water. If contaminated 
groundwater, which is also suspected to contain the virus, flows through an existing permeable 
reactive barrier (PRB), new materials can be added to the PRB to remove the virus from the 
groundwater. In “hot-spot” areas, additives could also be amended to the soil to immobilize the 
virus and thus avoid its transport and spread. For all these scenarios, the key is to develop 
efficient materials for the removal of the virus from the geoenvironment. Electrokinetics 
Geosynthetics (EKG) could also be considered for drainage in such cases. 
Environmental geotechnics community should develop high-performance sorbents that 
can adsorb the virus from groundwater (in pump-and-treat and PRB systems) or immobilize it 
in the soil. Most viruses are negatively charged under typical environmental pH conditions 
(Zhan et al., 2014). The adsorption of viruses to a sorbent can be affected by the surface charge, 
hydrophobicity and surface properties of the pathogens, and the surface area and property of 
sorbents (Zhan et al., 2014). Zhan et al. (2014) used amino to modify Fe3O4–SiO2 which 
possess protonic amino groups with a cationic charge so that the prepared magnetic 
Fe3O4–SiO2–NH2 nanoparticle can adsorb the negatively charged virus. As a positively charged 
sorbent, layered double hydroxides (LDHs) have shown excellent performance in removing 
anionic contaminants (Yu et al., 2017), and they therefore are potentially feasible for the 
adsorption of SARS-CoV-2. Modification or composite fabrication based on existing 
geotechnical sorbents (e.g., zeolite, clay minerals, and biochar) may be a solution to develop 
efficient new sorbents for the virus. 
One of the research topics to pursue is the investigation of the usability of biochar in the 
absorption of pathogens from contaminated sediments (Wang et al., 2019). The efficacy of 
activated carbon has been already studied as sorbent to viruses and bacteria (Cookson, 1969; 
Meynet et al., 2012 Sasidharan et al., 2016). The attraction is due to electrostatic forces 





between the pathogens and carbon. Effects of pH and ionic strength indicated that carboxyl 
groups, amino groups, and the virus's tail fibres are involved in its attachment to carbon. Such 
studies can modify ongoing experiments on the adsorption of heavy metals and organic 
pollutants, but should also involve researchers from biology and medicine and should 
implement multiscale tests. They have to be carried out from the microscale, to follow the 
processes inducing adsorption at the base of the phenomena, to the in-situ scale, to check the 
efficacy of the treatment from the short-term to the long-term. The possibility of using 
modified or anti-bacterial/virus geotextile filters can also be investigated (Silva and Palmeira, 
2019). 
Materials that help to decompose, degrade, and destroy the virus are also needed for the 
treatment of pumped suspected groundwater. La2Mo2O9 was observed to decrease the survival 
rates of bacteriophage Qβ and bacteriophage Φ6 by more than 99.9% (Matsumoto et al., 2019). 
Several solid-state cuprous compounds, including oxide (Cu2O), sulfide (Cu2S), iodide (CuI), 
and chloride (CuCl2) were shown to effectively kill viruses within 0.5 or 1 hours (Sunada et al., 
2012). Therefore, environmental geotechnics community should work together with material 
scientists and engineers to develop novel and effective materials to eliminate the SARS-CoV-2 
from the geoenvironment. 
Biogeotechnical engineering has been applied in erosion control and slope stabilization. 
Biotechnology has recently been applied in the remediation of petrochemical contaminated 
soils by releasing bacteria that consume high volumes of diesel during their life span into the 
diesel contaminated soils. Transportation of bacteria and nutrition for such bacteria along the 
flow paths in order to make them travel farther and to extend their life span has been tried 
through electrokinetic processes for soil pH stabilization (Hassan et.al., 2016). Laboratory and 
field small-scale pilot tests have been completed successfully. In addition, it may be possible to 





clone suitable bacteria that will consume viruses in situ or to investigate organic or inorganic 
substances that may neutralize the effect of SARS-CoV-2. 
 
Safe disposal of SARS-CoV-2 infected material 
Disposal of medical and municipal SARS-CoV-2 infected waste 
SARS-CoV-2 is a huge challenge not only for the world of medicine. For scientists outside the 
health field, an important fact is that increasing numbers of hospitals, clinics, and other medical 
institutions are generating massive amounts of medical waste (MW). The production of new 
types of waste that may contain pathogens, such as municipal solid waste (MSW) from 
households with people in isolation, who are tested positive to the virus, or people in 
mandatory quarantine, or discarded masks and gloves mixed with household waste, requires 
extraordinary measures for the protection of the professionals involved in the collection and 
disposal of this waste (Carducci et al., 2013). It also raises issues for the sorting and separation 
of materials from MSW during these times, and the recycling of products that may have 
originated from household materials contaminated with the virus. The amount of MSW has 
also significantly increased lately due to the high demand and storage of food products that 
eventually degrades. 
MSW contaminated with the SARS-CoV-2 can be treated in the same way as regular MW. 
Presently, two processes are usually adopted for MW destruction (e.g. ILD, 1997 or MEEC, 
2020), (i) high-temperature steam sterilization and landfilling after crushing (MEEC, 2006); (ii) 
incineration and landfilling of the resulting fly and bottom ash (MEEC, 2003). 
Incineration is the most technically and economically feasible option, which is applicable 
to all types of MW, with significant quantity reduction (Deng et al., 2014; Steen and Su-Ling, 
2015; Makarichi et al., 2018). This method has been widely applied in developed countries and 
will be the mainstream method to deal with MW in developing countries in the future (Fang et 





al., 2020). However, in the current situation of the global pandemic, the question remains 
whether enough MW or MSW incineration plants exist in each country with sufficient capacity 
to process all contaminated waste. In some countries, such as Poland, MSW incineration plants 
are still in the development stage, and under the current conditions, the designed capacity may 
prove to be insufficient. The current emergency circumstances could lead to inappropriate 
methods in waste storage and disposal, thus resulting in environmental and public health 
threats. In addition, are there enough MSW disposal installations in countries outside Europe 
and United States? And what is it going to happen if contaminated with SARS-CoV-2 waste is 
added, originating from households with members tested positive and quarantined? These 
questions have further increased the uncertainty and challenges in overcoming the pandemic. A 
potential solution may be to use existing industrial facilities for hazardous waste by modifying 
them and increasing the sanitary standards of their operation (Vaverkova et al., 2019). In many 
countries it has been decided that the waste company should determine the method or place to 
store, collect, and dispose of such waste, at the same time taking measures to minimize the risk 
to workers who manage waste, but also to other citizens. These are just some of the questions 
that scientists in the field of waste management will have to deal with in the near future. 
Although MW after sterilization and incineration no longer pose health threats, as the 
infectivity, perniciousness, and vulnerability are eliminated, their disposal and recycling during 
this pandemic is challenging due to the following reasons: 
(1) Need to manage a large volume of MW in the short-term. A rapid increase of MW 
production by as much as six times normal conditions has been observed in China, 
Poland, and the Czech Republic. In Italy, temporary disposal areas have been 
authorized to cope with the emergency, and specific guidelines have been issued to 
manage medically-contaminated waste into existing landfills (MW must be inserted 





into big-bags, deposited in specific zones of the landfill, and covered daily with a layer 
of soil adequate thickness to avoid dispersion in the air). 
(2) Increased ecological concern on the landfill waste mass. During the pandemic the 
type and composition of the MSW have changed and MW accounts for a greater 
proportion of the disposed mass. Due to these changes, the potential impact on the 
microecology inside the landfills and on the waste degradation process should be 
considered. Furthermore, the service life and performance of the containment lining 
system should be re-evaluated. Previous sections of this article delve extensively into 
this issue. 
(3) Random disposal of MW by public. Although masks and gloves used at hospitals can 
be collected and managed using proper protocols, it is highly improbable that when 
disposed by the public at random locations they could be similarly dealt with. Hence, 
the presence of these materials in MSW could lead to a substantial change in the 
composition of MSW, especially in plastic fractions that may end up in material 
recycling facilities, composting yards, and landfills. It would be prudent to conduct 
socio-economic analyses on the recycling of these fractions by adopting proper 
disinfecting schemes. 
(4) Need for recycling fly and bottom ash. In China, incineration in cement kilns is 
explored as an option for treating MW by using a temperature higher than 1350 °C 
(Wang et al., 2018). The MW, which is part of the raw materials is first calcined to 
ma
form ordinary Portland cement. In the cement industry, the stability and component 
variability are strictly controlled and therefore the consumption of MW is limited. 
However, to address the current emergency, a possible innovation could be to use the 





clinker with more MW as a binder for soil modification/stabilization applications in 
order to consume large volumes of MW. 
Waste transportation, reloading, and preparation of storage areas are other challenging 
issues with frequent decontamination needed to be implemented in the whole waste 
management chain. Referring to the latest updates from Netherlands (Mao et al., 2020) on the 
presence of the virus in wastewaters, another challenge will be to safely manage potentially 
generated leachate or surface runoff from MW storage areas, to avoid further spread of the 
infection risk. A possible innovation in this field could be a special disposal container lined by 
a geomembrane with a leakage detection system to collect highly sensitive leachate and remote 
markers to trace the waste in the landfill for future detection, monitoring, and further 
investigation. 
 
Preparation and maintenance of sites for safe and dignified disposal of casualties 
In the history of mankind, there are a few pandemics similar to the COVID-19 where mass 
casualties had resulted. In such cases, cremation was the preferred method for disposal of the 
dead, but often the less desirable method of burial was selected because of unavailability of 
facilities and time. Still, often, as was observed on April 10, 2020, in New York City, existing 
graveyards may have insufficient capacity or some deceased people may not be claimed by 
relatives, and mass burial is used. The World Health Organization (WHO) has recommended 
guidelines for mass burials, but these guidelines have not incorporated the latest technologies 
that can help minimize health risks to workers that conduct burials, and the general public. 
Geosynthetic clay liners (GCL) can be employed to prepare burial sites and capillary barrier 
systems can be employed as capping, for the safe and dignified disposal of casualties to reduce 
the risk of contamination and deterioration in the future. 





Geoenvironmental professionals have contributed to the prevention of public health 
threats by locating suitable sites for waste disposal, designing containment systems, selecting 
suitable covers, implementing monitoring systems, remediating contaminated land and 
groundwater (Bo 2011, 2014). In addition, they have contributed in the control and risk 
management of health outbreaks through the selection of suitable disposal sites that exhibit low 
underlying hydraulic conductivity. Such example includes the disposal of dead pigs that were 
contaminated with foot and mouth disease, during the 2001 UK outbreak, at sites with suitable 
subsurface formations, natural cover materials at nearby locations, etc. (Scudamore et al., 
2002). Monitoring systems were implemented at these sites to continuously measure the 
pollution in the area. Another example is the H1N1 outbreak in US and Canada in 2009 where 
geoenvironmental engineers acted to design burial systems in a short period of time. 
 
Emerging technologies and adaptation in geotechnical engineering 
Importance of proper infrastructure functioning during the pandemic 
While the COVID-19 outbreak left the world crippled, the significance of geostructures that 
support essential critical infrastructure to provide water, energy, transportation, and food have 
become apparent. The Cyber and Infrastructure Security Agency of USA (2020) has identified 
the essential-critical infrastructure as shown in Fig. 2, and environmental geotechnics principles 
lie along the lines to ensure sustainability and adaptability of this infrastructure to extraordinary 
conditions and environments such as the current curfew and lockdown around the world. It is 
therefore imperative that essential needs should be met without disruptions and relatively low 
labor-required maintenance during a lockdown. Consequently, solutions to the present and future 
challenges will greatly benefit from the advancement in areas such as: (1) sustainable and 
resilient infrastructure operations; (2) contactless and fast deployment sensing systems for field 
monitoring; (3) fast deployment of site investigation equipment in extreme environments; (4) 





new-era materials such as geopolymers to replace Portland cement based concrete; and (5) 
artificial intelligence integrated field operations. 
Civil infrastructure and its proper functioning are very critical to the wellbeing of our daily 
lives, but especially during the COVID-19 pandemic, where people are required to practice 
social distancing for their protection and to prevent the transmission of the virus. Within this, 
among other essentials, are core requirements for clean drinking water supply, wastewater 
treatment, and solid waste management and disposal systems for which environmental 
geotechnics plays central important roles for their achievement (Johnston and O’Kelly, 2016). 
Practicing social distancing can be compromised in cases where the supply of these basic 
requirements is intermittent or does not function properly. For example, an instance arose in 
Ireland where a drinking water supply system became contaminated, such that the tap water 
supply was not deemed fit for human consumption. In this case, drinking water was centrally 
supplied by tankers to the community by the local authority, but the collection of this water by 
individuals needing to go to the tankers and then bring the water back to their homes in 
containers put added risk and stress on these people, especially for those belonging to at-risk 
groups who had to self-isolate for their health safety. A similar situation took place in the city 
of Rio de Janeiro (https://en.mercopress.com/2020/01/16/contaminated-drinking-water-in-rio-run
-on-bottled-water-in-supermarkets). This issue may become of importance to rural regions of 
poor countries, where clean water networks may not have been installed, and people may have to 
travel and congregate in order to obtain water from common, public sources. 
 
Rapid geotechnical site investigation and construction for emergency health units 
Chinese engineers are applauded for creating the miracle to construct a hospital equipped with 
more than 1500 inpatient rooms in Wuhan, China in 10 days. This is unlikely the last time that 
quick action will be needed by geotechnical, structural, and environmental engineers. 





Devices that can be deployed quickly for urgent and emergency tasks and for getting soil 
and environmental quality data quickly included the Geo-Env-Mobility Measuring and 
Monitoring (GEM3) mobile station as shown in Fig. 3, which was developed at Nanyang 
Technological University (NTU), Singapore. This station is equipped with site investigation 
equipment such as CPT or SCPT, it can take soil samples and water samples rapidly, and can 
carry out geophysical tests, such as shear wave and electrical soil resistivity. It hosts a 3D 
LiDAR scanner for road and surrounding monitoring and can collect and transmit data back to 
the office almost in real time. It can also measure air quality-related parameters. Research is 
ongoing at NTU to enable the GEM3 mobile station to carry out in situ detection of 
contaminants or organics in the subsurface environment without the requirement for obtaining 
soil or water samples. 
Novel foundation types and ground anchoring systems that can be constructed without 
using specialized equipment need to be developed to meet emergency situations, where time is 
of the essence for the construction of health facilities. Portland cement is normally used for this 
purpose. However, cement needs to cure for at least 14 days. Plastic could be a good substitute 
for small-scale, emergency use for soil treatment. When plastic waste (Polyethylene or 
Polypropylene) is heated up to a temperature of 170 °C, it melts into a liquid form and can be 
used to mix with soil. The bricks of mixed soil (shown in Fig. 4a) can harden in minutes and 
the treated soil has very high strength as shown in Fig. 4b. Plastic can be stored or transported 
easily. Only a hot bath mixer needs to be developed for small scale or massive production. 
Another innovative foundation type is the granular anchor (O’Kelly et al., 2014; Sivakumar et 
al., 2013) - to replace the conventional concrete ground-anchor for resisting pullout/uplift 
forces, compression forces and also provide ground improvement - which can be quickly 
installed and then immediately deployed for anchoring tented structures. 






Potential detoxification of the SARS-CoV-2 by zeolite 
The human body gets infected due to toxins present in the external environment, which results 
in acidosis of our body (Kiki Health, 2019). In the context of the ongoing pandemic, it has 
been learnt that the SARS-CoV-2 can enter the human mouth, rest at the throat for a few days, 
and finally move to the lungs (WHO, 2020a). It is also reported that the SARS-CoV-2 during 
its stay at the throat interacts with cells and forms new mucus. This may be a product of any 
possible reaction between the acidic surface (i.e. glucoprotein) of the virus and the available 
moisture at the throat. If removal of the virus from the throat area is explored, there may not be 
any serious threat to the human host, and human respiratory congestion and other related 
problems may be reduced within a few days from such viral infection event. 
The shape and size of the virus is shown on the electron microscope image in Fig. 5, with 
the shape of the virus being round, elliptic or pleomorphic, and its size from around 20-30 nm 
(MedicineNet, 2020), to 60-140 nm (Cascella et al., 2020). Such size at the nanoscale range 
hints that the surface of the coronavirus is probably negatively charged (Verma et al., 2006). 
Also, the virus is having an outer envelope as glycoprotein, i.e. attached to amino acid chains 
(Mechref and Novotny 2007). This is why it remains with water droplets (i.e. positive 
molecules). Such reports about the coronavirus also substantiate that water droplets (i.e. size 
more or less than 5 microns, mucous, and saliva (e.g. Na+, K+, Cl-), as well as, potentially, 
various infectious agents viz. bacteria, fungi, and viruses) that are present during sneezing, act 
as carriers of the virus from one person to another (Atkinson et al., 2009). Accordingly, it may 
be inferred that the virus may get neutralized in the water droplets. In this condition, the 
concentration of water H+ ion may be more than the virus present in the agglomerate (i.e. 
sneezed out virus-water droplet). 





In view of the above, in order to inactivate the nexus of a virus - water droplets, 
agglomerate (i.e. positive or neutral in nature) may get absorbed by use of a molecular sieve 
powder, i.e., clinoptilolite type natural pure zeolite (Jha and Singh, 2016; Kiki Health, 2019) 
having negatively charged channels and cages) as a detox (i.e. edible/chewable pallet) of 
zeolite powder (Kraljević Pavelić et al., 2018). As shown in Fig. 6, once absorption of a water 
droplet (having the virus) happens with conceptualized use of the zeolite (absorbent, cation 
exchanger) this would be identified as a detoxification process. However, such an application 
of zeolite as a detox for the targeted virus present in humans needs to be meticulously explored 
through proper experimentation, for a feasibility study, practically allowed zeolite dose, 
benefits and side effects etc.  Thus the same knowledge and technologies that are studied for 
soil remediation can potentially be applied to develop products with medical or consumer 
product applications. 
 
The aftermath of excessive sanitization on utilization of biosolids and agricultural activities 
The sanitizers or disinfectants viz., sodium hypochlorite (NaClO) and calcium hypochlorite 
(Ca(ClO)2 used during the COVID-19 pandemic consists of oxidizing groups viz., ClO
-, ClO3
- 
and -OH which may raise the pH (up to 12.5) of the constituents of the geoenvironment during 
their interaction (Fukuzaki et al., 2006). Further, these disinfectants and sanitizers would most 
likely reach sewage treatment plants and irrigation canals in urban local bodies and rural areas 
respectively, which would lead to the disruption of environmentally friendly microorganisms 
along with the pathogens. In this context, the change in pH and redox conditions, by the 
presence of chlorine-based compounds and other disinfectants, may hamper the 
microorganisms’ growth in the activated sludge, due to the breakage of their cell walls, and 
consequently negatively influence the performance of wastewater treatment systems. The 
presence of higher Na and Ca-based compounds and less treated and stabilized sewage could 





influence the characteristics of the sewage biosolids generated by these facilities, which have 
been used as manmade resources for sustainable practices (Sharma and Singh, 2015). The 
formation of Na+ and Ca+2 complexes in the presence of organic matter, which is available in 
the biosolids, could further hinder the utilization of biosolids. 
On the other hand, agricultural activities could be negatively impacted by the irrigation of 
crops with water contaminated with Na+ and Ca+2 cations existing in the disinfectants, owing to 
an increase in sodium adsorption ratio (Rao et al., 2002). Further, salinity and sodicity of the 
irrigation water and consequently of agricultural soils contaminated with disinfectants could 
curtail the growth of nitrogen fixing bacteria (NFB) in soils and plant nodules. Hence, the 
presence of disinfectants on the abundance of NFB and nitrogen fixation capacity of soils 
should be investigated. In this regard, the effect of landfill-mined-soil-like fractions (LFMSF), 
obtained from landfill mining activity, would be worth trying in order to enhance the growth of 
NFB in soils contaminated with disinfectants and to promote the utilization of LFMSF for 
sustainable development (Chandana et al., 2020). 
 
Paradigms of uncertainty quantification and disaster risk management 
Environmental geotechnics and the challenge of complexity 
Today, as never before, the famous question “Does the flap of a butterfly’s wings in Brazil set 
off a tornado in Texas?” by Lorenz (1963) should receive a positive answer. This question was 
introducing chaos theory, which was used initially to study the dynamics of turbulent flow, and 
which considered that even a small change in the initial conditions of a complex system may 
completely change the system’s response. As a result, for these systems, reliable predictions are 
only possible for specific time-windows (that depend on the physics of each problem) because 
the coupling between the several components and the boundary conditions of the system are 
highly variable across space and time (Abarbanel, 1997). The pandemic by SARS-CoV-2 could 





be seen as a complex system, such as coronaviruses (normally under control through vaccines) 
when entering the chaotic state. This means, in other terms, that we have lost the capability of 
short and long-term effective predictions, as illustrated in Fig. 7 (Ferreira, 2001; Vitone, 2019), 
because “chaos destroys the reductionist dream, the dream that we have absolute power if we 
only know enough about the details” (Baranger, 2002). 
Environmental geotechnics, for example, when dealing with the management of polluted 
sites, is used to face with emblematic cases of different types of complex systems. However, it 
has been recognized that, at some scale and, in particular, at that of contaminated soils or 
sediments, these interconnected and open systems evolve far from equilibrium and become 
chaotic (Vitone et al., 2018). Thus, it was recognized by the US National Academies (1994) 
that the complexity of the geologic medium will determine the success of clean-up efforts, with 
pump-and-treat systems having a reasonable chance to remediate only homogeneous, single 
and multiple-layered geologic systems. The conclusion from the US National Academies based 
on the outcomes of the investigated sites was that for heterogeneous and fractured subsurface 
systems only partial cleanup is likely, with the more realistic goal being that of containment. 
This is particularly true because the soil or sediment environment is a habitat for 
microorganisms and viruses, and the characteristics of soils may modify the roles of viruses in 
biogeochemical nutrient cycles and as genomic reservoirs. Changes in environmental 
parameters, such as moisture content, temperature, pH, and aerobicity are a common 
occurrence in soils by weather and field management for better crop production (Kimura et al., 
2008). Microorganisms in soils and sediments adapt to such environmental fluctuations by 
changing their physiology, and this can add further complexity to the understanding of the 
coupled processes occurring within them up to make them enter chaos. It follows that a reliable 
long-term engineering prediction of the soil and sediment mechanical and hydraulic behaviour 





can become difficult since it depends on the envisaged coupling between several components 
and the boundary conditions, which in turn are highly variable in space and time. 
Environmental systems are, by definition, complex adaptive systems and the use of 
sustainable remedial strategies can induce these systems to come back operating at least at the 
so-called edge-of-chaos (Baranger, 2002). The edge-of-chaos is between stability and chaotic 
turbulence, where systems may produce again transient emergent orders (Dare, 2000; Waldrop, 
1992), detectable through reductionism-based predictions. In addition, some recent advanced 
numerical tools have enabled the solution of stochastic partial differential equations (Zhang, 
2001), as well as new developments in mixture coupling theories that are based on 
non-equilibrium thermodynamics for developing new advanced mathematical models (Chen et 
al., 2018a, 2018b). 
The centrality of an approach that has to be based on complexity theory is in line with the 
recent addresses by the United Nations in the last Disaster Risk Reduction Report with respect 
to risk management: “The priorities for action…spur a new understanding of risk, and the 
obvious value of discerning the true nature and behaviour of systems rather than a collection 
of discrete elements. This view allows the use of complexity theory for risk management 
problems…” (UN GARDRR, 2019). It is apparent then, that the obligation of our community 
in dealing with thermo-chemo-hydro-geomechanical coupling, within multiscale natural 
systems, is on discerning their true nature and behaviour. It follows that we can be truly 
functional if we can make the COVID-19 emergency re-enter at least the edge-of-chaos, by 
managing quantitative approaches for both disaster risk reduction and mitigation strategy 
design. 
 
An Italian case of environmental complexity: preparing for the future 
The Politecnico di Bari, together with ETH Zurich, in the last years, has been addressing 





problems related to the treatment and reuse of highly contaminated marine sediments. The 
research was prompted by the huge environmental emergency at Taranto city (south of Italy), 
one of the most polluted sites in Europe. The national government has adopted extraordinary 
measures in this case, with geotechnical studies on the characterization and treatment of marine 
sediments representing part of these activities (Vitone et al., 2016, 2018). 
If the characterization of sediments, in their current contaminated state, has demonstrated 
that they can represent a complex system, exhibiting long-term predictable behaviour, the data 
have also shown that chemo-hydro-mechanical processes can prompt chaotic behaviour in 
some of them (Kimura et al., 2008; Sollecito et al., 2019). This is mainly due to the random 
presence within the sediment matrix of some types of organic matter, diatoms, and bacteria. 
However, when testing stabilization and solidification (S/S) treatments, the addition of green 
additives, such as active carbon and biochar, for chemical remediation has shown encouraging 
results. In particular, biochar, which is mainly the by-product of agricultural waste pyrolysis, 
has been found to be a promising and cheap adsorbent material, although not affecting the 
binder’s mechanical performance (Federico et al., 2015; Todaro et al., 2019). 
The approach to the specific contaminated Italian site is going to be carried out following 
what the United Nations hope when dealing with risk management (UN_GARDRR, 2019). 
The whole system is being considered as a complex system, which exhibits emergent 
properties that arise from interactions among its constituent parts, more than that of dealing 
with a complicated system can be (dis-)assembled and understood as the sum of its parts (Fig. 
8). Facing complexity means that some uncertainties in any complex system will always 
remain unmeasurable. However, the risks can be characterized and quantified, to some degree, 
by networks made up of individual agents which interactions exert macroscopic consequences 
feeding back to individual behaviour. Understanding sensitivities to change and system 





reverberations are far more important and more challenging when dealing with complex 
systems. This is because, as already anticipated, changes can prompt domino-effects which can 
be non-linearly amplified and associated path dependencies, causing significant changes and 
potentially irreversible consequences which make the system enter the chaotic state. 
The auspice is then to plan ahead and prepare our community for similar events in the 
future by thinking about disaster risk management in environmental systems as the 
management of complexity. It follows that, from characterization to remediation, it becomes 
crucial to develop a holistic understanding of a system’s components and processes, including 
precursor signals and anomalies, systems reverberations, and sensitivities to further 
modifications. 
The knowledge acquired in the last years related to the Taranto site has brought about the 
building of a Conceptual Design Site Model that includes various multidisciplinary data 
(chemical, geochemical, hydro-mechanical, environmental technology), and which can be used 
to integrate modeling for reliable predictions of the system future development (Vitone et al., 
2018; Sollecito et al., 2019). 
 
Bayesian framework to quantify uncertainty in geoenvironmental and epidemiological 
problems 
The development of Bayesian theory as the mathematical expression of the rules of logic 
(Jeffreys, 1948; Cox, 1961), or according to Laplace, as the codification of “common sense…to 
calculation,” defines probability, not as the frequency of random events, but as the mapping of 
any logical proposition onto the interval [0, 1]. On this scale, a true statement is given the value 
of 1; disproval or falsehood will give it the value of 0, and all other propositions, the validity of 
which is uncertain because of incomplete knowledge, are ranked within [0, 1]. In that respect it 
provides a much broader framework to that of the “frequentist approach,” not simply counting 





the appearance of random events, but allowing the assessment of the logical cohesion (Jaynes, 
2003) of any new theory, thus being an indispensable tool for the research efforts proposed in 
the current article. 
The basic rule of establishing the truthfulness of a logical combination AB from two 
independent scientific arguments A and B is that in the presence of some background 
information I, the plausibility of AB, P(AB|I), depends first of all on whether B is true under I, 
and after that that A is also true under I and B now, or in mathematics P(AB|I) = P(B|I) P(A|BI), 
and where the order of A and B can be reversed. The more common application of this rule 
consists in assessing a hypothesis H, after initial information I is supplemented by measured 
data D: 
( | )
( | ) ( | )
( | )
P D HI
p H DI P H I
P D I
            (1) 
Here, P(H|I) is denoted as the prior probability of H given the I (but prior to obtaining D), and 
P(H|DI) the posterior probability of H after both D and I. The above expression provides the 
mechanism to update the uncertainty assessment as new information becomes available, but 
also to utilize through the prior any soft or qualitative (non-numerical) information, such as the 
experience of engineers/scientists on a particular problem or site in the calculation of 
uncertainty. 
Most importantly, Bayesian theory through tools, such as Eq. 1, provides the mathematics 
to evaluate the cohesion and consistency of logical structures, i.e., of conceptual models, such 
as of those discussed in section 3.1, and of others that will need to be developed to address the 
complexities of the current situation. In particular, for geoenvironmental and epidemiological 
problems where knowledge acquisition is incremental, the Bayesian approach has provided the 
mechanism for the update of probabilities, thus reflecting at each point the state of our 
knowledge. 





As such Bayesian theory has a long history of application in public health and medical 
studies, such as for the analysis of clinical trials (for example, Etzioni and Kadane, 1995; 
Spiegelhalter et al., 2004; Biswas et al., 2009; Schoenfeld et al., 2009); for studies in 
population genetics (for example, Sorensen and Gianola, 2002; Beerli, 2006); to estimate the 
neurodevelopment health effects of multi-pollutant metal mixtures and the toxicological 
impacts of air pollutants (Bobb et al., 2015); to evaluate diagnostic protocols (Broemeling, 
2007); to elucidate the operation of the central nervous system during sensorimotor learning 
(Kording and Wolpert, 2004), and numerous other cases. 
The US Department of Health and Human Services, Food and Drug Administration, 
Center of Biologics Evaluation and Research in its 2010 report “Guidance for the use of 
Bayesian Statistics in Medical Device Clinical Trials” states that major advantages of the 
Bayesian methods constitute: (i) the use of prior information reduces the need for large sample 
sizes and provides more precision and flexibility in decision-making; (ii) the iterative updating 
capability of the Bayesian method allows for midcourse correction during a trial design, or 
changes in the sequence and size of trials; and (iii) it allows flexibility in cases of missing data 
and “…can sometimes be used to obtain an exact analysis when the corresponding frequentist 
analysis is only approximate…” 
Bayesian hierarchical models were reported on March 30, 2020, as the tool used for 
estimation of the number of infections from SARS-CoV-2 in 11 European countries (Flaxman 
et al., 2020). These models are structured hierarchically, that is of a model that consists of 
sub-models, and which within a Bayesian framework integrates all these sub-models by 
accounting for their contribution to the total model uncertainty. 
Bayesian methods, such as the Bayesian Maximum Entropy (BME), have found many 
applications in several geoenvironmental problems, which span earthquake and soil 





degradation (for example, Ching and Glaser, 2003; Corral, 2005), soil and rock excavation 
studies (for example, Gens et al., 1988; D’ Or et al., 2001), risks from flooding (for example, 
Gelder, 1996; Solana-Ortega and Solana, 2001), incineration air pollution problems (for 
example, Paleologos et al., 2018), groundwater contamination problems (for example, 
Woodbury and Rubin, 2000; Ye et al., 2004), and environmental risk studies (Lerche and 
Paleologos, 2001), among others. Bayesian methods have a long record in the development of 
stochastic governing equations describing flow and contaminant transport in the unsaturated 
zone (for example, Yeh et al., 2015) and have been extensively used to assist in the analysis of 
aquifer data, such as from hydraulic tomography in layered heterogeneous aquifers (Li et al., 
2019), of karst spring discharge (Hao et al., 2015), to infer nitrogen loadings from crop types 
(Ransom et al., 2018), etc. The Bayesian framework is so versatile that the same researcher can 
apply it to both geoenvironmental and public health problems (e.g., see Christakos and Serre, 
2000; Christakos et al., 2007). Given the significance of the Bayesian approach as a tool in the 
geoenvironmental, vadose zone, and epidemiological studies it is expected to be contributing 
significantly to the common research efforts during the post-COVID-19 era. 
 
Multidisciplinary research and leadership to counter with COVID-19 
The challenges that the pandemic of COVID-19 has brought to the environmental geotechnics 
field are multifaceted. It is impossible to solve all problems by relying on a single discipline. 
Therefore, multidisciplinary research is very necessary to strengthen and enrich the outcomes 
of the research efforts. For instance, to solve the pathogen-soil interaction mechanism, 
environmental geotechnical experts need an in-depth understanding of the characteristics and 
properties of pathogens in-depth, which requires the help of experts in the field of pathogens. 
Not only that, but we also need guidance from the infectious disease field and related medical 
experts to establish professional laboratories that meet safety standards, to carry out 





collaborative tests, and take the necessary protective measures to prevent laboratory workers 
from being infected. If it is intended to develop high-performance remediation materials for 
pathogen-contaminated soils, cooperation with experts in the field of material science will 
enable solving such problems easier. Another example of a collaborative research is the 
recycling or disposal of MW which requires thorough understanding of relevant laws and 
regulations and consultation with a number of entities that span from environmental to public 
health agencies and relevant governmental departments. This is needed in order to take 
corrective measures during collection, sorting, transportation, storage, and disposal of solid 
waste and to give scientific advice on potential landfill site selection. 
The speed with which medical and public health information was transferred across the 
world during the pandemic points out to the need, after the renormalization phase, to create 
new well-designed data and fast knowledge exchange platforms so that countries and scientists 
can share their experience. This is vital because, as it became apparent during this pandemic, 
decision-makers worldwide, have to rely on data analysts and mathematicians to convert 
complex data sets into clear arguments, which they then can use to make difficult policy 
decisions. 
In addition to multi-disciplinary research efforts, scientists and engineers in the 
environmental disciplines will be called to provide their expertise in strengthening and 
potentially amending the environmental regulations in most countries. The emphasis on 
environmental laws, directives, and regulations in all countries has been until now on the 
protection of public health and the environment from chemical pollution. It appears with the 
existing pandemic some re-thinking is required to upgrade and enhance regulatory controls in 
order to address threats from viral and other pathogenic infections. 





Immediate reductions in human activities including road traffic, air traffic, and business 
all around the world decreased the level of air pollution. The National Aeronautics and Space 
Administration (NASA) and the European Space Agency (ESA) have recently published 
satellite images that captured a significant reduction in air pollution and CO2 emissions in 
several countries, including China and many European cities. Further, the images from the ESA 
indicate sharp reductions in the level of nitrogen over France and Italy. This dramatic drop in 
air pollution may have been seen for the first time in the recent era. As well as possibly causing 
serious damage over time to the human respiratory system, air pollution can significantly hurt 
the quality of soil and water resources. Governments all around the world have been imposing 
lockdowns on human activities, which may result in further reduction of the pollution in the air, 
water, air, and land. It is too early to consider this as a benefit to the environment of a lasting 
effect. However, these changes prove that many environmental problems require international 
cooperation urgently, as Saadi of Shiraz (1184 – 1283) reminded us more than 700 hundred 
years ago that: “Human beings are members of a whole, in the creation of one essence and soul. 
If one member is afflicted with pain, other members uneasy will remain. If you have no 
sympathy for human pain, the name of human you cannot retain”. A positive outcome of this 
epidemic might be a realization of importance of international cooperation in order to give the 
Earth a chance to breathe. 
Finally, it is important to understand that the hopeful assumption that the COVID-19 
infection will diminish and disappear during the summer is probably a misconception as there 
are no data to support this (Somily and BaHammam, 2020). COVID-19 is often compared with 
the Spanish influenza, which was caused by an H1N1 virus of avian origin (CDC, 2019). Fig. 9 
(CDC, 2019; Morens and Fauci, 2007) shows that the first wave started approximately in late 
spring of 1918, peaking in October-November of that year, and subsiding and almost 





disappearing during 1919. It re-appeared forcefully in 1920 and peaked in February and March 
of that year, reaching 70% of the mortality of the 1918 highs, to drop for the remainder of 1920 
and the majority of 1921. The Spanish influenza made a re-appearance in November of 1921 
that lasted until April of 1922. About 500 million people got infected during this pandemic, a 
number that represented one-third of the world population at that time, with the number of 
deaths estimated to be at least 50 million worldwide. As a measure of comparison, this ranks 
lower than WW2, where the number of deaths is estimated to have exceeded 75 million people 
and is more than double the number of deaths caused by WW1. At present, no one knows if 
there will be a second or a third wave of the COVID-19 pandemic like the Spanish influenza. 
It appears that both the scientific community and the political leadership in most 
countries, apart from a few notable exceptions, were caught unprepared to face the severity of 
the pandemic with countries that emulated the strict measures implemented in China to have 
fared better in terms of infected and mortality rates. Thus, for the future, it will be extremely 
instrumental to identify what leadership characteristics are critical for public officials and what 
public health and economic measures (and at what speed) should be considered as desirable or 
“best practices” to face impending massive disasters. 
 
Conclusions 
The current article focuses on the role of environmental geotechnics in dealing with the 
consequences of the global COVID-19 pandemic. The importance of the profession is 
highlighted while suggestions and different perspectives by authors around the world are 
combined in order to articulate ways to address the issues brought by the COVID-19 pandemic 
and to better help our society. Some important research topics and directions are proposed. 
(1) Environmental geotechnics has long been dedicated to using multi-disciplinary 
perspectives, techniques, and methods to solve environmental-related geotechnical 





engineering problems. In response to the geoenvironmental effects caused by 
COVID-19, our scientific community can apply long-term accumulated professional 
skills and expertise to play an irreplaceable role and make important contributions to 
the global fight against the current pandemic as well as future massive disasters. 
(2) It is imperative for the environmental geotechnics community to perform a systematic 
study to reveal the mechanisms of pathogen-soil interaction and the impact on soil 
engineering properties. This is a fundamental step in formulating accurate 
environmental and geotechnical interactions. 
(3) Understanding pathogen transport mechanisms and its controlling factors in the 
subsurface are essential for taking countermeasures for containing and remediating 
pathogen-contaminated sites. According to the characteristics of the SARS-CoV-2 
contaminated soils or groundwater, it is necessary to develop new technologies in 
cooperation with other related disciplines that go beyond current in-situ isolation and 
remediation techniques. Biogeotechnical approaches would have potential applications 
and deserve more attention in the future. 
(4) Environmental geotechnics researchers should work together with material scientists 
and engineers to develop novel and high-performance materials that will prevent the 
SARS-CoV-2 from entering the geoenvironment. 
(5) In principle, municipal waste contaminated with the SARS-CoV-2 can be treated 
similarly to medical waste by sterilization and incineration. However, the amounts of 
waste involved, and its safe transportation, sorting, and disposal are challenging tasks 
for the waste management industry, particularly in less developed countries. 
(6) Geotechnical and environmental scientists and engineers need to work together to 
develop new tools and site investigation methods for rapid and contactless deployment 





in the field during emergencies, such as the COVID-19 pandemic. 
(7) Development of models to simulate SARS-CoV-2 transmission in the geoenvironment 
with emphasis on multi-scale and non-linear dynamic descriptions of complex systems 
would significantly improve our predictive capabilities. 
(8) The Bayesian theory is a conceptual tool that has been applied to both 
geoenvironmental and public health problems. It can operate as a common language 
during multi-disciplinary efforts linking environmental geotechnics, public health, and 
medical researchers. 
(9) Strengthening pandemic-induced environmental risk assessment and management 
would benefit both in reducing risks and in developing mitigation design strategies. 
(10) Because the challenges brought by COVID-19 pandemic are multifaceted, it is 
recommended that multidisciplinary research is pursued with several scientific fields 
in engineering, science, public health, and medicine in order to address the issues from 
a holistic approach. In addition, it is important to strengthen the coordinated action 
between the scientific community, regulators, political leadership, and stakeholders. 
It can be concluded that the outbreak of the COVID-19 brings many new challenges to 
environmental geotechnics. The community must strategically plan and act on addressing these 
so that the lessons learned are used to prepare for similar events in the future. This requires us 
to be more united, inclusive, and far-sighted than ever. 
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Figure 1. Migration trajectory and human exposure risk point of COVID-19 in water 
environment system (modified from Wigginton et al. (2015)) 
 
 






Figure 2. Essential infrastructure identified after COVID-19 
 
 






Figure 3. Geo-Env-Mobility measuring and monitoring (GEM3) mobile station for rapid 
geotechnical, environmental, and traffic monitoring and testing developed at Nanyang 
Technological University, Singapore 
 
 






Figure 4. (a) Bricks made by mixing melt plastic with sand and marine clay; (b) Unconfined 
compressive strength of gravel, sand or marine clay mixed with melt plastic 
 
 






Figure 5. Scanning electron microscope image of SARS-COV-2 or 2019-nCoV (colored in 
yellow), the virus that causes COVID-19—isolated from a patient in the U.S., emerging from 
the surface of cells (blue/pink) cultured in the lab (NIH (US National Institutes of Health), 










Figure 6. A pictorial model for absorption of the virus in water droplets, by the zeolite during 
detoxification. Top image: Zeolite, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6277462/. 
Bottom image: Cluster of SARS-COV-2, US National Institute of Allergy and Infectious 










Figure 7. Characteristics of complex systems, from complexity to chaos (Ferreira, 2001) 
 
 






Figure 8. Complicated and complex systems (adopted from UN_GARDRR 2019) 
 
 






Figure 9. Monthly influenza-associated mortality in Breslau, Silesia (now Wroclaw, Poland), 
from June 1918 through December 1922. (CDC 2019; Morens and Fauci, 2007) 
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